Considerable evidence suggests that the scrapie prion protein (PrP) is a component of the infectious particle. We studied the biogenesis and transmembrane orientation of an integral-membrane form of PrP in a cell-free transcription-linked translation-coupled translocation system programmed with a full-length PrP cDNA cloned behind the SP6 promoter. Translation of SP6 transcripts of the cDNA or of native mRNA from either normal or infected hamster brain in the absence of dog pancreas membranes resulted in the synthesis of a single PrP immunoreactive polypeptide (each polypeptide was the same size; Mr, 28,000), as predicted from the known sequence of the coding region. In the cotranslational presence of membranes, two additional forms were observed. Using peptide antisera specific to sequences from the amino-or the carboxy-tertninal domain of PrP together with proteinase K or endoglycosidase H digestion or both, we showed that one of these forms included an integrated and glycosylated form of PrP (Mr = 33,000) which spans the bilayer twice, with domains of both the amino and carboxy termini in the extracytoplasmic space. By these criteria, the other form appeared to be an unglycosylated intermediate of similar transmembrane orientation. The PrP cell-free translation products did not display resistance to proteinase K digestion in the presence of nondenaturing detergents. These results suggest that the PrP cell-free translation products most closely resemble the normal cellular isoform of the protein, since its homolog from infected brain was proteinase K resistant. The implications of these findings for PrP structure and function are discussed.
PrP with the cardinal feature of scrapie infection, i.e., long incubation times, argues for a central role of a (PrpSc) Northern blots indicated that normal and scrapie-infected brains contain similar concentrations of poly(A)+ mRNA encoding PrP or closely related species (12, 33) . The finding of PrP mRNA in uninfected hamster brain led to the discovery of a normal cellular isoform of PrP, termed PrPc or PrP [33] [34] [35] , and the demonstration that PrP 27-30 is derived from a precursor, designated PrpSc or Prp 33-358c (2, 31, 33) , in scrapie-infected brains. These studies also showed that PrPc is completely degraded during proteinase K digestion, in contrast to the behavior of PrP 27-30. Subsequent studies have suggested that both the cellular and scrapie PrP isoforms are membrane bound (31) . In contrast to PrPC, which is solubilized by nondenaturing detergents, PrPSc as well as polymerizes into amyloid rods when membranes from scrapie-infected brains are extracted with detergent (31) . Thus, the rods found in highly purified preparations of scrapie prions are an artifact of detergent extraction (41) . These observations are of particular interest, since many earlier studies on the scrapie agent stressed its association with membranes (32, 44) and its apparent hydrophobicity (40, 42) .
To determine whether PrP is an integral membrane protein and, if so, to characterize its transmembrane orientation, we studied its biogenesis in a wheat germ cell-free system programmed with SP6 transcripts of the full-length cDNA or with native mRNA from normal or infected hamster brain.
We conclude that at least one form of PrP is an integral membrane protein spanning the bilayer twice, with both amino-and carboxy-terminal domains in the extracytoplasmic space. Moreover, cell-free translation products from the cloned PrP Source and propagation of scrapie prions. A hamsteradapted scrapie prion isolate (29) was passaged as previously described and was used to inoculate hamsters intracerebrally (38) .
Antisera. Rabbit antisera to purified scrapie PrP 27-30 (4) and to synthetic peptides GQGGGTHNQWNKP from the amino terminus and KESQAYYDGRSSA from the carboxy terminus were prepared as previously described (2) . mRNA isolation. Syrian Golden hamsters (LVG/LAK) purchased from Charles River Breeding Laboratories Lakeview, N.J., were used for the preparation of normal and infected-brain RNA. Freshly dissected hamster brains were isolated, and total cellular RNA was prepared by the method of Chirgwin et al. (13 (47) and added at a concentration of 2.5 A280 U/ml. Construction of SP6 expression plasmid. An EcoRI restriction fragment from pHaPrPcDNA-S11 was isolated (3). The fragment, which included the entire hamster PrP-coding region, was engineered into the EcoRI site of pSP64.
Cell-free transcription-linked translation. SP6 plasmids were transcribed in vitro (25) Posttranslational assays. Including proteolysis with proteinase K, endoglycosidase H digestion, and immunoprecipitation, posttranslational assays were performed essentially as previously described (35) except that proteolysis proceeded at 24°C rather than at 0°C. Products were visualized by fluorography after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (9) .
Hydrophobicity index calculations. Hydrophobicity index calculations were made by using the values for individual amino acid residue hydrophobicities of Kyte and Doolittle (26) . The value for a given residue was multiplied by the number of times that residue appeared in the peptide sequence of interest and was added to the values derived for all other amino acid residues of that sequence.
RESULTS
A full-length cDNA encoding PrP from scrapie-infected hamster brain (3) was engineered behind the SP6 promoter, and RNA was transcribed in a cell-free system by using SP6 polymerase (25) . The transcription products were translated in a wheat germ cell-free protein synthesizing system, including [35S]methionine to label newly synthesized chains (15) . The translation products were characterized by determining their reactivities with either preimmune or immune rabbit serum directed against synthetic peptides corresponding to unique sequences of the amino-or carboxy-terminal region of PrP and then subjecting the total or immunoprecipitated products to sodium dodecyl sulfatepolyacrylamide gel electrophoresis ( A and B) . membranes were added after the completion of translation and incubation was continued for an additional 45 min. Some aliquots (lanes A. E. F, G. H. and 1) were subjected to proteolysis either with (lanes G and H) or without (lanes A. E. F, and 1) Nikkol (Nikko Chemical Co., Tokyo, Japan) added to 0.5%. Immunoprecipitation with various sera was as described in the legend to Fig. 1 and is indicated by the heading. PrP-related product markers are indicated on the left. A, PrP-NH, proteolytic fragment; V. PrP-COOH proteolytic fragment. (B) Aliquots of PrP translation products in the absence (lanes A and B) and presence (lanes C to H) of membranes and after proteolytic digestion (lanes E to H) were subjected to incubation with (lanes B, D, F, and H) and without (lanes A, C, E, and G) endoglycosidase H. Markers and arrowheads are as described in the legend to Fig. 1 (46) . TIhe shift in tnolecularweight after endoglycosidase digestion is an important observation with respect to the transmembrane orientation of PrP, since there are only 2 potential N-glycosylation sites (3, 33) and these are located close together near the COOHterminal domain of the molecule.
Because glycosylation and signal peptide cleavage are cotranslational modifications occurring exclusively in the lumen of the endoplasmic reticulum (22, 28) , it seemed likely that PrPI and PrP. represented forms integrated into or translocated across the microsomal membranes. To characterize their orientation with respect to the membrane, PrP was synthesized either in the presence of microsomal membranes or with the membranes added posttranslationally. These products were subjected to proteolysis with proteinase K, either under conditions which maintained the microsomal membrane bilayer intact or in the presence of nonionic detergents which solubilized the bilayer. When membranes were added after the completion of synthesis (Fig. 2A, lane B It is important that the proteinase K resistance of the PrP cell-free translation products described here was abolished by nondenaturing detergents. This indicates that these proteins or portions of them were protected by the microsome membranes. This resistance of the PrP translation products contrasts with that of PrPSc, in which proteinase K in the presence or absence of nondenaturing detergent generates PrP 27-30 by removal of the amino-terminal 67 amino acids as well as removal of up to 7 amino acids from the carboxy terminus (3) .
The data presented here demonstrate that the major species of PrP generated in the wheat germ cell-free protein synthesizing system was a polytopic integral transmembrane protein which must span the bilayer at least twice, with amino-and carboxy-terminal regions in the extracytoplasmic space (Fig. 3) . Similar analysis of translation products of native mRNA from either normal or scrapie-infected hamster brain revealed a single PrP immunoreactive species comigrating with PrP0 (Fig. 4) . The PrP immunoreactive translation products of native mRNA from both normal and scrapie-infected hamster brain represent a small fraction (less than 0.01%) of total-brain mRNA (Fig. 4) . When translated in the presence of microsomal membranes and subjected to proteolysis with proteinase K, cleavage products characteristic of the integral membrane species PrPi and PrP2 were obtained (data not shown), indicating that the topogenesis of the cloned gene expression product was faithfully reproduced by that of native-brain mRNA translation products.
It is of interest that the PrP translation products produced from both normal and scrapie-infected mRNA were present in equal concentrations. This observation is in agreement with Northern blot analyses showing that the level of poly(A)+ PrP mRNA does not change during the course of scrapie infection (12, 33) . In contrast to the unchanged PrP mRNA level, PrPSc accumulates during infection to a level -10-fold greater than that of PrPC, which remains constant (2, 31). Recent studies suggest that PrPs' and PrPc are translated from the same mRNA but that their different properties arise most probably from posttranslational modifications (3). 
DISCUSSION
We studied the topogenesis of the cell-free translation product encoded by the hamster brain scrapie PrP mRNA as expressed from both a cloned full-length cDNA and from native-brain mRNA. Our data suggest (to the limits of resolution of one-dimensional gel electrophoresis) that there is a single species of PrP mRNA common to normal and infected brain and that its translation product can be expressed as an integral membrane protein spanning the bilayer at least twice, with defined extracytoplasmic domains at both the amino and carboxy termini (Fig. 3) . The size of the primary translation product from PrP mRNA was as predicted from the known sequence for the PrP chromosomal gene (13) . The size of PrPi is similar to that of the highest-molecular-weight forms observed in vivo (31) .
Current views on the biogenesis of complex integral membrane proteins suggest that multiple and internal signal and stop transfer sequences are engaged in generating transmembrane loops (5, 17, 27, 45, 48 ; B. Eble, D. McRae, V. R. Lingappa, and D. Ganem, submitted for publication). The transmembrane orientation demonstrated here for PrP suggests the action of two signal sequences and at least one stop transfer sequence. Construction of chimeric proteins to identify the putative two signal and one stop transfer sequences of PrP is in progress and should provide a further test of the proposed orientation and elucidate the role of topogenic sequences in PrP biogenesis (35, 49) .
Analysis of the amino acid sequence deduced from the PrP cDNA (33) together with a consideration of the sizes of PrP-NH2 and PrP-COOH proteinase K digestion fragments after endoglycosidase H treatment suggests that the first transmembrane region is located at approximately amino acid residues 90 to 113 (Fig. 5) . This region comprised some 24 contiguous uncharged amino acids, with a calculated hydrophobicity index of +28.6 (26) . By comparison, the best hydrophobicity score for 24 contiguous amino acid residues of the transmembrane domain of membrane-bound immunoglobulin M heavy chain was +36.8. An unusual feature of this first transmembrane region of PrP was a preponderance of glycine and alanine residues (Fig. 5) .
The location of the second transmembrane region was less certain. The end of the first transmembrane domain and the position of the glycosylation sites provided endpoints between which were about 45 amino acid residues (approximately residues 115 to 160) within which the second transmembrane region must lie. Together with the results of proteinase K digestion and an attempt to maximize the hydrophobicity index, these considerations suggest that amino acid residues 135 to 158 are included in the second transmembrane region (Fig. 5) . This region included two prolines as well as two charged residues and had a low hydrophobicity score of -29.1. However, the hydrophobicity score of the alternative region (residues 115 to 135) was even lower, i.e., -41.1. Although such features are clearly not typical of transmembrane regions in general, they have been proposed to be characteristic of transmembrane segments of polypeptides which compose channel subunits (10, 16) . For example, a similarly calculated hydrophobicity index of the fifth transmembrane region of acetylcholine receptor, based on the model of Finer-Moore and Stroud (16) , is -19.4. It is tempting, therefore, to consider the possibility that at least one function of cellular PrP may be that of an ion-channel component. In such a view, aggregation of PrP monomers .in the plane of the bilayer at some point after synthesis, perhaps by self-association of the (14, 43) .
Although a single product was observed upon translation of both brain and cloned gene transcripts in the absence of membranes, multiple forms were generated by the cotranslational presence of dog pancreas membranes. The major species, namely PrP1 and PrP2, represent nonglycosylated and glycosylated variants, respectively, reflecting the relative inefficiency of glycosylation compared with translocation and signal peptide cleavage in cell-free systems. Although all of PrP1 and most of PrP2 appeared to display the transmembrane orientation described here, various amounts of a minor component of PrP2 were noted to be resistant to proteinase K in the absence but not in the presence of detergents (i.e., behaving as a polypeptide completely translocated into the microsomal vesicle lumen). Elsewhere, we will describe the properties of this species of PrP2 in greater detail (Hay, Prusiner, and Lingappa, in preparation).
Studies to demonstrate the orientation directly in the brain have been hampered by the intrinsic protease resistance of PrPSC and the low levels of PrPC expressed (D. Andrews and V. R. Lingappa, unpublished observation). We cannot, therefore, rule out that the orientation achieved in the wheat germ cell-free system is different from that achieved in the brain. However, previous studies of membrane protein biogenesis in cell-free systems have demonstrated fidelity with the early events in living cells (1, 21, 23) , and other studies of the scrapie agent are suggestive of an integral membrane protein (31, 32, 44 
